I. INTRODUCTION
Carbon-based structures, such as carbon nanotubes, 1 2-D and 3-D grapheme, 2, 3 and graphite sheets, 4 because of their high thermal conductivity (1600-4600 W/m K) [5] [6] [7] [8] [9] [10] and large surface-to-volume ratio, have been used as thermal interface materials, [11] [12] [13] [14] as fillers to enhance the thermal conductivity of various composites, 3, 12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and as heat exchangers in nano-electronic devices. 32, 33 For example, the thermal conductivity of epoxy, as shown by Biercuk et al., 15 was increased by 125% by using Single-walled carbon nanotubes (SWCNTs) at 1% volumetric loading. However, Huang et al. 17 conducted experiments with vertically aligned multi-walled carbon nanotubes (MWCNTs) and found the thermal conductivity of the polymer/MWCNT complex to be increased by 280% at 0.3% weight fraction. Thus, the amount of enhancement that is obtained depends on whether the carbon nanotubes (CNTs) are vertically aligned (280%) or randomly orientated (125%). Kwon et al. 34 studied the thermal conductivity of MWCNT/polymer composites as a function of the MWCNT volume fraction and found enhancements up to 390% for a MWCNT volume fraction of 1.4%. MWCNTs with very high aspect ratios were used (>2500). Bonnet et al. 35 also studied the thermal conductivity enhancement of polymethylmethacrylate using SWCNTs but found enhancements up to only 55% for 7% SWCNT volume fraction. This could be due to the randomly orientated CNTs, which decreases the net thermal conductivity of the sample, and also because of the low aspect ratio of the CNTs used in their study. Liao et al. 36 and Lee et al. 37 performed MD simulations to predict the thermal conductivity enhancements using CNTs. Liao et al. 36 investigated the thermal conductivity of aligned carbon nanotubepolyethylene composites (ACPCs) and found enhancements up to 2 times. They attributed such a considerable enhancement to the alignment of the CNTs and the polymer and to the high thermal conductivity of the CNTs. Lee et al. 37 investigated the effect of the SWCNTs on the thermal conductivity of water and found enhancements up to 370% for a 7% volume fraction.
The performance of solid-propellant micro-thrusters and other micro-power devices largely depends on the control and improvement of the combustion wave propagation velocities of the solid monopropellants. Carbon-based materials have been shown to enhance the burning rate of various solid monopropellants. 4, [40] [41] [42] In most of the solid propellant micro-thruster systems, confinement is used for the anisotropic combustion release. 38, 39 Choi et al. 40 proposed anisotropic flame speed enhancements in a TNA (trinitramine) solid-monopropellant by coupling the exothermic reactions to a thermally conductive base such as MWCNTs. Flame speed enhancements up to 10 4 times were achieved. Jain et al. 4, 41 used graphite sheets, graphene foam, and graphene nano-pellets as thermally conductive substrates for a nitrocellulose monopropellant and found flame speed enhancements up to 8 times. Jain et al. 4 also performed simple 1-D modelling and revealed the mechanisms responsible for the flame speed enhancements. Similar to the observations made by Choi et al., 40 the thermal conductivity of the graphite sheet was regarded as the main parameter governing the flame speed enhancement. Zhang et al. 42 also studied flame speed enhancement of nitrocellulose with the addition of graphene oxide pellets. Flame speed enhancements up to 7 times the bulk value were reported. Motivated by the above discoveries, this work investigated the flame propagation process of Pentaerythritol Tetranitrate a)
Author to whom correspondence should be addressed. Electronic mail: lqiao@purdue.edu (PETN) coupled with MWCNTs using reactive molecular dynamics simulations to examine the physical and the chemical changes occurring at the atomic scale. This is in contrast to the previous works, 4, 40 where large-scale 1-D modeling was used. Although a number of experiments have been performed to study the flame propagation process, a complete atomic-level understanding of the thermal transport at nanoscale especially at the interface of the two materials is still missing. Thus, in this work, the first-principles based reactive force field ReaxFF was used for simulating the chemical reactions and to understand the coupling between the chemical and the physical processes. The average flame speeds were determined as a function of the MWCNT loading ratio (%), and an optimum loading ratio (%) was found corresponding to the maximum enhancement. The flame propagation process of PETN on CNTs was compared to that of pure PETN. The fundamental mechanism for the flame speed enhancement was identified on a molecular scale. Lastly, the effect of using highly conductive MWCNTs on the minimum ignition energy of PETN was also studied.
II. COMPUTATIONAL METHOD

A. Propellant selection
For the solid fuel, PETN (C 5 H 8 N 4 O 12 ) was selected because of its high enthalpy of combustion and wide use as a powerful secondary explosive material. Moreover, a number of experiments and simulations of pure PETN as a function of the initial hydrostatic pressure have been performed, [43] [44] [45] thus providing a base case check for the MD simulations performed in this study. A high pressure of 3 GPa was chosen as the initial hydrostatic pressure in order to simulate the combustion process under shock compression conditions. 43 
B. Description of the interaction potential
The simulations were performed using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS), 46 an open source MD simulation code developed by Sandia National Lab. The interactions between the atoms were calculated using ReaxFF interaction potential, which was initially developed by Duin et al. 47 and was implemented within LAMMPS using the USER-REAXC module. 48 The bond order was determined, as a first approximation, between a pair of atoms from their interatomic distance, using which the potential energy of the whole system was calculated. The particular ReaxFF force-field used in this study was developed by Budzien et al. 49 for PETN using DFT (density function theory) calculations for specific decomposition reactions in PETN and cold compression curve.
C. Computational domain
The unit cell of a PETN crystal 50 (space group symmetry P42 1 C) contains two molecules and has a size of 9.2759 Å Â 9.2759 Å Â 6.6127 Å . The center of one of the molecules is at the center of the unit cell, whereas the center of the other molecule coincides with front lower left vertex. The resulting unit cell, as shown in Fig. 1 The PETN crystal orientation has a major effect on its detonation 51 and combustion properties. 52 In the present work, flame propagation was carried out along the [1,0,0] direction. For the PETN-MWCNT complex, a cylinder was cut in the center of the PETN computational domain along the [1,0,0] direction and a MWCNT was then inserted into the hollow space. A Matlab code was written to generate the simulation data file, which made sure that only the full PETN molecules were deleted and not the individual atoms. The initial thickness of the annular PETN layer was varied from 6.6 Å to 13.5 Å , whereas the initial MWCNT's outer diameter was varied from 16 Å (20,0) to 27 Å (35,0) with its initial inner diameter being 3.914 Å (5,0). This was done to vary the MWCNT loading ratio (%), which ranged from 24% to 64%. The initial wall-to-wall distance between two tubes of a MWCNT was 1.957 Å with the individual tubes being achiral zig-zag type. However, as explained in Section II D, the MWCNT's diameter, the wall-to-wall thickness, and the PETN layer thickness will change after performing the pressure and temperature equilibration. The length of the PETN-MWCNT complex was kept fixed at around 40 nm to be consistent with the pure PETN case. Figs. 2(a) and 2(b) show the front and the isotropic view of the simulation domain of a typical PETN-MWCNT complex, respectively.
D. Simulation parameters
After the initial set-up of the computational domain, as shown in Figs. 1 and 2, the temperature equilibration under the NVT (constant number of particles (N), temperature (T), and volume (V)) conditions to 300 K using the Nos e-Hoover temperature thermostat 53, 54 was performed. The NVT equilibration was run for 70 ps with the time step and the relaxation time being 0.1 fs and 10 fs, respectively. After the NVT equilibration, the system was equilibrated to the desired pressure of 3 GPa under the NPT (constant number of particles (N), temperature (T), and pressure (P)) conditions. The relaxation time for the Nos e-Hoover thermostat and the barostat 55 was set to 10 fs with the time step again being 0.1 fs. Only the y and the z dimensions of the simulation box were altered under the NPT equilibration, while the x dimension was held constant. The NPT equilibration was run for 50 ps. The final MWCNT diameter and the PETN layer thickness for the 6 different cases that were run, corresponding to different MWCNT loading ratios (%), are listed in Table I. After the NPT equilibration, the NVE ensemble was used to simulate the flame propagation process. Periodic boundary conditions were employed in all the three directions, and a time step of 0.1 fs was used as suggested by Sergeev. 43 To simulate an ignition source, only the temperature of the PETN molecules in the middle of the computational domain, being 5-unit cell thick in the X direction, was set to 4000 K for both the PETN-MWCNT case and the pure PETN, while the temperature of the rest of the molecules remained at 300 K. The ignition temperature was based on the minimum value needed for the flame propagation in the PETN-MWCNT complexes. Since the minimum ignition temperature was found to increase for the PETN molecules when coupled to MWCNTs as compared to the pure PETN, the minimum ignition temperature corresponding to that of the PETN-MWCNT complexes was used for all the cases simulated, in order to have the same ignition energy input.
To identify the species produced in the combustion process, the bond order minimum values as listed by Budzien et al. 49 were used. A pair of atoms that had the bond order value greater than the threshold bond order value (Table II) was considered to be bonded.
III. RESULTS AND DISCUSSION
A. Flame propagation of pure PETN Figure 3 shows the spatial temperature profile along the x-direction at different times during a typical pure PETN combustion. The flame propagates from the ignition zone in the middle towards the two ends. The initial ignition zone, as stated above, was set to 5-unit cell thick in the x-direction, which corresponds to approximately 5 nm. The reaction front, which is required to calculate the flame speed, was identified using 2 different criteria. The first criterion is based on the location of the peak NO 2 concentration. NO 2 is one of the key intermediate species formed during the PETN decomposition; thus, the position of the reaction zone could be identified from the NO 2 formation. For this criterion, the simulation domain was divided into 15 slabs in the X direction with each slab being 2.7 nm or 3-unit cell thick. For the second criterion, the reaction zone was identified by tracking the temperature changes along the PETN sample. The location of three different temperatures (1000, 1500, and 2000 K, respectively) along the x-direction as a function of time was used as an indicator of the reaction front. The local temperature at a specific location was computed by considering all the atoms in the local layer that had a thickness in the X direction corresponding to the 1-unit cell. The temperature was determined by the average kinetic energy of the particles in the local layer. Figure 4 (a) plots the location of the flame front as a function of time using three different temperatures. The three curves are nearly parallel to each other, giving an average flame propagation speed of 106 6 10 m/s. This indicates that the selection of the temperature as an indicator of the flame front does not influence the calculated flame speed. Because of the transient nature of the ignition process, the slabs placed closed to the ignition zone were ignored and the temperature data were only gathered from the slabs with at least 2 slab thickness away from the ignition zone, after which a uniform flame propagation was obtained with every point on the temperature profile traveling at the same speed. Figure 4 (b) shows the location of the peak NO 2 concentration as a function of time. Linear fitting to data gave an average flame propagation speed of 110 6 5 m/s, similar to the speeds obtained using the temperature criterion. In other words, both criteria produce nearly identical flame speeds. The computed flame speed for pure PETN was compared to along with the simulated values obtained by Sergeev. 43 As shown in Figure 5 , good agreement is obtained. Figure 6 shows the species profiles of reactants, intermediate species, and final products as a function of time for the pure PETN. In the figure, X M represents the number of molecules of a species per initial PETN molecules in a given slab (3-unit cell thick) located at a distance of 4 nm. The results show that the NO 2 is the dominant initial product formed during the PETN decomposition. This indicates that the NO 2 -O bond in the PETN molecule, which has the weakest bond energy, breaks first during initiation. HNO 2 and NO are the other major intermediate products formed after NO 2 . The water formation begins after the appearance of OH and NO, which is followed by an increase in the concentrations of CO 2 and CO. Thus, the temporal species evolution from the present MD simulation is consistent with that shown by Sergeev, 43 except that the peak NO concentration obtained in the present study was greater than the NO 2 peak concentration. This could be attributed to the different minimum bond order values used, which could redistribute the identification of molecules between NO 2 and NO. For example, Sergeev 43 used a minimum bond order value of 0.5 between O and O atoms, comparing this to the present study where a minimum bond order value of 0.65 was used. Thus, a molecule identified as NO or CO in the present study could have been identified as NO 2 or CO 2 in the work performed by Sergeev.
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B. Flame propagation of PETN-MWCNT Figure 7 shows the propagation of the combustion wave along a PETN-MWCNT complex (case 2). As can be seen, the MWCNTs remain intact during the combustion process although their structure in the burned zone is modified from twisting and bending. Figure 8 compares the temperature profile of the PETN-MWCNT complex with that of the pure PETN at different times after ignition. The equilibrium temperature of the PETN-MWCNT complex was lower than that of the pure PETN because some of the energy released during the exothermic reaction was used in heating the CNTs, which acted as heat sinks and thus reduced the equilibrium temperature of the PETN molecules. At t ¼ 5 ps, the temperature of the unburned PETN close to the reaction zone remained at 300 K for pure PETN, whereas it increased to about 700 K for the PETN-MWCNT. At t ¼ 10 ps, the unburned PETN temperature (near the reaction zone) was raised to around 900 K for the PETN-MWCNT, whereas it still remained at 300 K for the pure PETN. Thus, comparing the temperature profiles of the two cases, the PETN-MWCNT has a much wider reaction and a pre-heat zone. This can be attributed to the high thermal conductivity of the PETN-MWCNT composite, 5-10 which leads to faster heat propagation and thus more unburned portions of the fuel are heated ahead of the reaction front.
Similar to the pure PETN case, the reaction front was identified using 2 different criteria, i.e., the peak NO 2 concentration and fixed temperatures. The thickness of the local layer used to calculate the local temperature and the local peak NO 2 concentration was also kept the same as that of the pure PETN case, i.e., 1-unit cell and 3-unit cell thick, respectively. Figure 9 (Table I) , which was the optimum case as will be shown later. Figure 10 shows the species profiles for the PETN-MWCNT (case 4) as a function of time at a particular location of 4 nm. The location was kept the same as that of the pure PETN in order to facilitate one-to-one comparison. Again, in Fig. 10 , X M represents the number of molecules of a species per initial PETN molecules, in a given slab. Comparing Figs. 6 and 10, the species distribution curve is shifted to the left for the PETN-MWCNT, but a similar reaction path was obtained. Again, NO 2 was the dominant initial product formed during the PETN decomposition. HNO 2 and NO were other major intermediate products formed after NO 2 with the water molecules being formed after OH and NO appearance. Thus, the species distribution of the PETN decomposition remains unchanged after the addition of MWCNTs. However, the rate of production of CO 2 and CO was slightly less in PETN-MWCNTs as compared to that in pure PETN, which could be attributed to the lower flame temperature. Some of the heat released during the exothermic reactions of the PETN molecules was used in heating the MWCNTs' carbon atoms, thus decreasing the flame temperature. The fact that the MWCNT remains unburned during the PETN combustion could be confirmed by looking at the mole fractions of CO 2 and CO (Fig. 10) . Since CO 2 and CO do not appear until after H 2 O formation, the temporal evolution for these oxides is consistent with that of the pure PETN. Moreover, their peak mole fractions are on the same order of magnitude as that observed in pure PETN. Thus, the MWCNT is not consumed during the PETN combustion and only acts to increase the layering of the PETN molecules along its surface that facilitates the transfer of heat from the burned to the unburned portions of the fuel much faster, which in turn causes the species distribution curves to shift to the left. The deformation of the MWCNTs, as shown in Fig. 7 , was from their increased temperature resulting from the PETN combustion. Five different PETN-MWCNT combinations were simulated (cases 2 to 6), as shown in Table I , in order to determine the effect of the MWCNT loading ratio (%) on the flame speed enhancement. The results are shown in Fig. 11 . The MWCNT loading ratio (%) is defined as the mass of the MWCNT per total mass of the system (PETN þ MWCNT).
For very thick PETN layers, a large amount of energy was released, but heat transfer among the PETN molecules near the MWCNT surface was not high enough to conduct the heat efficiently from the exothermic reactions to aid in reaction propagation. On the contrary for very thin PETN layers, although the thermal transport among the PETN molecules was enhanced, the amount of heat reaching the unburned portions of the fuel was substantially reduced because some of the energy released during the exothermic reaction was used in heating the MWCNTs, which acted as heat sinks and thus lowered the reaction propagation speeds. Consequently, an optimum loading ratio (%) exists. An optimal loading ratio of around 55% was found for which the flame speed enhancement was around 3 times the bulk speed of 110 cm/s.
In addition to the reactive MD simulations, two additional non-reactive molecular dynamics (MD) simulations were conducted to better understand the mechanisms contributing to the thermal conductivity enhancement of the composite and in turn the flame speed enhancement.
First, a non-reactive reverse non-equilibrium MD simulation (RNEMD) was conducted using LAMMPS to investigate the interfacial heat transfer in the PETN-MWCNT composite. The MD study conducted was based on the procedure outlined in the studies performed previously by Zahedi et al. 56 and Alaghemandi et al. 57 In the RNEMD approach, a constant heat flux is imposed on the simulation box by performing velocity exchanges between the coldest particle (from the hot layer) and the hottest particle (from the cold layer) in a given direction. If the masses of the particles being exchanged are different, then an exchange of velocities relative to the center of mass motion of the two atoms is performed, to conserve the total kinetic energy of the system. The RNEMD simulation was performed under the NVE (constant volume and energy) conditions at a chosen temperature of 330 K. The system was first equilibrated to a temperature and a pressure of 330 K and 3 GPa, respectively. The relaxation time for the Nos e-Hoover thermostat and the barostat was set to 10 fs with the time step being 0.2 fs. After the equilibration, a constant heat flux was applied using the Muller-Plathe algorithm 58 under the NVE conditions. Sufficient energy and temperature conservation were obtained using the timestep of 0.2 fs. At higher timesteps, deviations in the total energy were observed. In this study, the velocity exchanges were performed between the CNT atoms (located in the slab in the middle of the simulation box) and the PETN atoms (located in the slab at the maximum separation in the y direction from the CNT atoms). The simulation box was divided into 16 slabs, 0.271 nm thick, in the direction of the heat flux (y-axis) and 13 slabs, 0.33 nm thick, in the direction perpendicular to the heat flux (z-axis). Moreover, the velocity exchanges were performed between the two atoms every 20 fs. The heat flux as computed by the LAMMPS fix thermal conductivity command is given by 57 j y ¼ 1 2tA
In the above equation, m hot and m cold are the masses of the hot and the cold particle, respectively, whose velocity is being exchanged, A is the cross-sectional area perpendicular to the heat flux direction (z-x), v hot and v cold are the velocities of the hot and the cold particle, respectively, and t is the total simulation time. A factor of 2 is needed in Eq. (1) because of the periodic boundary conditions used in the direction of the heat flux. 58 From the imposed heat flux, the thermal conductivity value can be obtained as follows:
In the above equation, k y is the thermal conductivity value in the y-direction and dT/dy is the temperature gradient due to the imposed heat flux. The z-direction was divided into 13 slabs of 0.33 nm thickness, and the k y value was obtained by looking at the temperature gradient (dT/dy) for a z-slab located at (y,0). Figure 12 shows a typical temperature profile in the y-direction for the z-slab located at (y,0). As can be seen, the temperature profile is linear in the individual regions belonging to PETN, interface, and MWCNTs. From the linear temperature profiles, the thermal conductivity values for each region can be calculated using Eq. (2). The heat flux value is the same for all the regions. An effective thermal conductivity of 0.172 6 7% (W/m K), 0.045 6 5% (W/m K), and 0.7 6 10% (W/m K) was obtained for PETN, interface, and MWCNTs, respectively. The interface thermal conductivity value obtained was 4 times lower than that of the PETN, which could be attributed to the mismatch of the thermal transport regimes in PETN and MWCNTs. 57, 59 In MWCNTs, the heat is transferred through the ballistic regime, whereas, in PETN, the thermal transport occurs in the diffusive regime. 60 This sudden transition from the ballistic to the diffusive regime limits the net thermal conductivity enhancement of the composite. 57, 59 Alaghemandi et al. 57 investigated the thermal conductivity of composites of single-walled carbon nanotubes and polymamide-6,6 (PA) using reverse non-equilibrium MD simulations and found the interface thermal conductivity value to be only 0.003 W/m K, which was 1-2 orders of magnitude lower than the thermal conductivity of pure PA (0.24 W/m K). The interface thermal conductivity value of 0.045 W/m K obtained in this work is an order of magnitude higher than the interface thermal conductivity value of 0.003 W/m K obtained by Alaghemandi et al. 57 The difference could be attributed to different materials and simulation conditions used. The present simulations were conducted at an extremely high pressure of 3 GPa, as opposed to the atmospheric pressures in the simulations performed by Alaghemandi et al. 57 Because of such a high thermal interface resistance, there must be a different mechanism responsible for the increased global thermal conductivity of the composite.
Zahedi et al. 56 investigated the structural properties of the polymer matrix around the CNTs. A highly ordered polymer matrix structure was observed in the interphase region as quantified using the normalized density profiles around the CNTs. They concluded that because of this wrapping of the PA molecules around the CNTs, the PA molecules are predominantly tangential to the CNT surface, which increases the heat transport along the CNTs but decreases the heat transport in the perpendicular direction. Motivated by this, the layering of the PETN molecules as a result of their interactions with MWCNTs was also examined. An equilibrium non-reactive MD simulation was conducted under the NVE conditions. Again, the system was first equilibrated to a temperature and a pressure of 300 K and 3 GPa, respectively. The relaxation time for the Nos e-Hoover thermostat and the barostat was set to 10 fs along with a timestep of 0.2 fs. After the equilibration, the density profile calculations were performed under the NVE conditions. The simulation box was divided into cylindrical bins having a length of 4 nm and a radial thickness of 0.07 nm. Figure 13 shows a typical normalized density profile of the PETN molecules around the MWCNT (case 2). As can be seen, the PETN molecules are indeed ordered around the MWCNT. This organized interface structure increases the thermal transport in the direction parallel to the CNT surface but decreases the thermal transport in the direction perpendicular to it 57 and thus contributes to the net thermal conductivity enhancement of the PETN-MWCNT composite.
C. Ignition of pure PETN and PETN-MWCNT
In this section, the effect of adding MWCNTs to PETN on the minimum ignition energy required to initiate successful flame propagation along the PETN sample was examined. To achieve this goal, the temperature of the ignition zone was varied with its length unchanged for both pure PETN and PETN-MWCNT cases. Figure 14 plots the average flame speeds as a function of various ignition temperatures in the range of 3000-5000 K. The minimum ignition temperature is defined as the temperature below which the flame propagation could not be sustained and the system eventually cools down. The minimum ignition temperature for the PETN molecules was found to increase from 3000 K to 4000 K when coupled to MWCNTs. This was again attributed to the high thermal transport among the PETN molecules near the MWCNT surface, which resulted in a faster heat dissipation (or heat loss) and thus a higher minimum ignition temperature was required. Nevertheless, above the minimum ignition temperature, the flame speed values remain unchanged and no over-driven ignition characteristic was observed. Atwood et al. 61 suggested that the overdriven condition occurs most often at lower pressures. Since the present simulations were conducted at extremely high pressures (3 GPa), the overdriven phenomenon may not have occurred. Another reason for not observing the over-driven ignition could be that the applied ignition energy was simply not high enough. Atwood et al. 61 observed over-driven ignition in gun propellants (at 1.72 MPa) only when the heat flux was increased 3 times.
IV. CONCLUSIONS
Reactive MD simulations of flame propagation of a monopropellant (PETN) coupled with a MWCNT were conducted. The thickness of the PETN layer and the MWCNT's diameter were varied to study the effect of the MWCNT loading ratio (%) on the amount of the flame speed enhancement. Flame speed enhancements up to 3 times the bulk value were observed, and an optimal MWCNT loading ratio (%) of around 55% was found. In addition to the reactive MD simulations, two additional non-reactive molecular dynamics (MD) simulations were conducted to better understand the mechanism contributing to the thermal conductivity enhancement of the composite and in turn the flame speed enhancement. The enhancement was attributed to the layering of the PETN molecules along the MWCNT surface, which resulted in the faster heat conduction in the PETN molecules, thus causing the flame to travel faster. Moreover, the PETN-MWCNT complex requires higher minimum ignition energy than pure PETN to initiate successful flame propagation, where the minimum ignition temperature for the PETN molecules was found to increase from 3000 K to 4000 K when coupled to MWCNTs. Lastly, the temporal distribution of the species was also studied, which confirmed that the MWCNT remained unburned during the PETN combustion.
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